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Abstract
:H WKHRUHWLFDOO\ VWXG\ D VSLQ +DOO HﬀHFW RI QRUPDO PHWDO LQ D VXSHUFRQGXFWRU/QRUPDO PHWDO 61 MXQFWLRQ EDVHG RQ
SHUWXUEDWLRQ WKHRU\ 7KH VNHZ VFDWWHULQJ DQG VLGH MXPS FRQWULEXWLRQV DUH ERWK WDNHQ LQWR DFFRXQW WR FDOFXODWH WKH VSLQ
+DOO FRQGXFWLYLW\ 6+& LQ WKH QRUPDO PHWDO :H ILQ WKDW ERWK FRQWULEXWLRQV DUH DQRPDORXVO\ HQKDQFHG ZKHQ WKH
YROWDJH eV EHWZHHQ WKH VXSHUFRQGXFWRU DQG WKH QRUPDO PHWDO DSSURDFKHV WR WKH VXSHUFRQGXFWLQJ JDS Δ :H DOVR
ILQ WKDW WKH 6+& DW eV = Δ LQFUHDVHV ZLWK GHFUHDVLQJ WKH MXQFWLRQ UHVLVWDQFH R7 7KHVH UHVXOWV FOHDUO\ GHPRQVWUDWH
WKDW WKH 6+& LQ 61 MXQFWLRQV FDQ EH FRQWUROOHG E\ DSSO\LQJ DQ H[WHUQDO GF HOHFWULF ILHO DQG E\ YDU\LQJ R7 VXJJHVWLQJ
WKDW 61 MXQFWLRQV KDYH SRWHQWLDO DSSOLFDWLRQV IRU VSLQWURQLF GHYLFHV ZLWK ODUJH VSLQ +DOO HﬀHFWV
F©  3XEOLVKHG E\ (OVHYLHU /WG6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI,663URJUDP&RPPLWWHH
Keywords: VSLQ +DOO HﬀHFW VSLQWURQLFV VXSHUFRQGXFWRU QRUPDO PHWDO WXQQHO MXQFWLRQ QDQRVWUXFWXUH
1. Introduction
,QVWHDG RI WKH FKDUJH FXUUHQW DV LQ FRQYHQWLRQDO HOHFWURQLFV VSLQWURQLFV XWLOL]HV WKH VSLQ FXUUHQW ZKLFK
LV WKH IO Z RI VSLQ DQJXODU PRPHQWXP RI HOHFWURQ >@ )RU DSSOLFDWLRQ SXUSRVHV RI VSLQWURQLF GHYLFHV WKH
WHFKQLTXH WR FRQWURO WKH VSLQ FXUUHQW E\ DQ H[WHUQDO HOHFWULF ILHO LV HVVHQWLDO EHFDXVH WKH HOHFWULF ILHO FDQ
FRQWURO WKH IO Z RI HOHFWURQV LQ QDQRPHWHU VFDOH GHYLFHV ,Q WKLV UHJDUG DQ LQWHUDFWLRQ EHWZHHQ WKH VSLQ DQG
RUELWDO PRWLRQ RI HOHFWURQV >VSLQRUELW LQWHUDFWLRQ 62,@ LV DQ LPSRUWDQW LQJUHGLHQW 7KH 62, LQGXFHV WKH
QRYHO SKHQRPHQRQ FDOOHG VSLQ +DOO HﬀHFW 6+( ZKHUH D FKDUJH FXUUHQW LQGXFHV VSLQ GHSHQGHQW PRWLRQ RI
HOHFWURQV IO ZLQJ SHUSHQGLFXODU WR WKH FKDUJH FXUUHQW DQG LQ WKH RSSRVLWH GLUHFWLRQV IRU XS DQG GRZQVSLQ
HOHFWURQV 7KH 6+( KDV EHHQ UHFRJQL]HG DV D NH\ HﬀHFW WR FRQYHUW WKH FKDUJH FXUUHQW LQWR WKH VSLQ FXUUHQW
DQG YLFH YHUVD >  @
7KH 6+( ZDV ILUV SUHGLFWHG WKHRUHWLFDOO\ GHFDGHV DJR DQG QRZ LW LV ZHOO DFFHSWHG WKDW WKHUH DUH WZR
W\SHV RI 6+( WKH RQH FDXVHG E\ WKH 62, RI D KRVW PHWDO intrinsic 6+( >@ DQG WKH RWKHU FDXVHG E\ WKH
62, RI QRQPDJQHWLF JXHVW LPSXULWLHV LQ D KRVW PHWDO extrinsic 6+( >@ )RU WKH H[WULQVLF 6+( WKHUH DUH
WZR FRQWULEXWLRQV VNHZ VFDWWHULQJ DQG VLGH MXPS 7KH VNHZ VFDWWHULQJ UHVXOWV IURP WKH LPSXULW\ VFDWWHULQJ
∗&RUUHVSRQGLQJ DXWKRU 7HO+ ID[+
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YLD WKH 62, >@ ZKHUHDV WKH VLGH MXPS LV GXH WR WKH DQRPDORXV YHORFLW\ LQGXFHG E\ WKH 62, >@ 7KH ILUV
H[SHULPHQWDO REVHUYDWLRQ RI WKH H[WULQVLF 6+( KDV EHHQ UHSRUWHG E\ .DWR et al ZKR KDYH GHWHFWHG WKH VSLQ
DFFXPXODWLRQ LQGXFHG E\ WKH H[WULQVLF 6+( LQ *D$V V\VWHPV >@
2QH RI WKH LPSRUWDQW FXUUHQW LVVXHV LV WR ILQ D ZD\ WR REWDLQ D ODUJH 6+( >@ $ ODUJH VSLQ +DOO FRQGXF
WLYLW\ 6+& KDV DQ DELOLW\ WR JHQHUDWH WKH ODUJH VSLQ FXUUHQW EHFDXVH WKH VSLQ FXUUHQW LQGXFHG E\ WKH 6+( LV
SURSRUWLRQDO WR WKH 6+& >@ 7KH 6+& LQ WXUQ GHSHQGV VHQVLWLYHO\ RQ WKH 62, DV ZHOO DV WKH LPSXULW\ VFDWWHU
LQJ LQ D KRVW PDWHULDO 7KH 6+( REVHUYHG VR IDU LV KRZHYHU VWLOO VPDOO WKXV UHTXLULQJ VHQVLWLYH H[SHULPHQWDO
PHDVXUHPHQWV WR GHWHFW WKH HﬀHFW > @ 7KHUHIRUH ILQGLQ DQ DOWHUQDWLYH ZD\ WR IXUWKHU LQFUHDVH WKH 6+(
LV KLJKO\ GHVLUDEOH ZKLFK FHUWDLQO\ KHOSV WR DFKLHYH D YDULHW\ RI 6+( EDVHG VSLQWURQLF GHYLFHV LQ WKH IXWXUH
,Q WKLV SDSHU ZH WKHRUHWLFDOO\ VWXG\ D 6+( LQ D VXSHUFRQGXFWRU/QRUPDO PHWDO 61 MXQFWLRQ EDVHG RQ
SHUWXUEDWLRQ WKHRU\ 7DNLQJ LQWR DFFRXQW ERWK FRQWULEXWLRQV RI WKH VNHZ VFDWWHULQJ DQG VLGH MXPS FRQWULEX
WLRQV LQ ORZ LPSXULW\ FRQFHQWUDWLRQV ZH VKRZ WKDW WKH H[WULQVLF 6+& LQ WKH QRUPDO PHWDO LV DQRPDORXVO\
HQKDQFHG ZKHQ WKH YROWDJH eV EHWZHHQ WKH VXSHUFRQGXFWRU 6 DQG WKH QRUPDO PHWDO 1 DSSURDFKHV WKH
VXSHUFRQGXFWLQJ JDS Δ :H DOVR ILQ WKDW WKH 6+& DW eV = Δ LQFUHDVHV ZLWK GHFUHDVLQJ WKH MXQFWLRQ
UHVLVWDQFH R7 2XU UHVXOWV GHPRQVWUDWH D ZD\ WR FRQWURO DQG DPSOLI\ WKH 6+& E\ DSSO\LQJ DQ H[WHUQDO
GF HOHFWULF ILHO DQG E\ YDU\LQJ R7 VXJJHVWLQJ WKDW 61 MXQFWLRQV KDYH SRWHQWLDO DSSOLFDWLRQV IRU VSLQWURQLF
GHYLFHV ZLWK ODUJH 6+(V
2. Formulation of spin Hall conductivity in SN junction
7KH V\VWHP FRQVLGHUHG LV DQ sZDYH 61 MXQFWLRQ DV GHSLFWHG LQ )LJ  $Q LQVXODWLQJ EDUULHU LV LQVHUWHG
EHWZHHQ 6 DQG 1 WR VXSSUHVV WKH SUR[LPLW\ HﬀHFW ,Q WKLV VHWXS WKH WKLFNQHVV RI WKH 1 LV FRQVLGHUHG WKLQ
HQRXJK WR WUHDW WKH 1 DV D WZR GLPHQVLRQDO 1 $ GF ELDV YROWDJH VELDV LV DSSOLHG LQ WKH xGLUHFWLRQ WR IO Z
HOHFWURQV LQ WKH 1 7KH FKHPLFDO SRWHQWLDO GLﬀHUHQFH EHWZHHQ 6 DQG 1 LV DGMXVWHG E\ D GF YROWDJH V DSSOLHG
LQ WKH zGLUHFWLRQ >@ 7KH V\VWHP LV WKXV GHVFULEHG E\ WKH +DPLOWRQLDQ H = H6+H1HP+H1+H7 +HUH H6 LV
WKH %&6 +DPLOWRQLDQ ZLWK DQ sZDYH VXSHUFRQGXFWLQJ JDS HNHP UHSUHVHQWV WKH LQWHUDFWLRQ ZLWK WKH DSSOLHG
GF ELDV YROWDJH VELDV H1HP = −
∫
dr jr, t · At ZKHUH jr, t DQG At DUH D FXUUHQW RSHUDWRU GHILQH EHORZ
DQG D YHFWRU SRWHQWLDO UHVSHFWLYHO\ 7KH JDXJH LV VHW WR VDWLVI\ E = −∂t At ZLWK D VSDWLDOO\ XQLIRUP HOHFWULF
ILHO >At = −Ext, , @ 7KH 1 LV GHVFULEHG E\ H1 = ∑σ ∫ drc†σr
(
− m∇ − μ)
)
cσr + HLPS + H62,
ZKHUH cσr LV DQ DQQLKLODWLRQ RSHUDWRU RI HOHFWURQ ZLWK VSLQ σ DW SRVLWLRQ r m DQG μ) DUH PDVV RI HOHFWURQ
DQG WKH )HUPL OHYHO UHVSHFWLYHO\ 7KH WHUPV HLPS DQG H62, GHVFULEH D QRQPDJQHWLF LPSXULW\ VFDWWHULQJ DQG
WKH 62, UHVSHFWLYHO\
HLPS =
∑
σ
∫
drurc†σrcσr,
H62, = −iλ62
∑
α,β
∫
drc†αr
[
∇ur · ∇ × σα,β
]
cβr,
9
9
[
\]6
1
9ELDV
,
)LJ  6FKHPDWLF FRQILJXUDWLR RI D 61 MXQFWLRQ VWXGLHG WR LQGXFH D ODUJH 6+( VELDV LV DQ DSSOLHG GF YROWDJH DW WKH RSSRVLWH HGJHV RI
WKH 1 V LV D YROWDJH DSSOLHG EHWZHHQ 6 DQG 1 $Q LQVXODWLQJ EDUULHU , LV LQVHUWHG EHWZHHQ 6 DQG 1
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ZKHUH ur = u
∑
i δr − Ri LV DQ LPSXULW\ SRWHQWLDO ZLWK WKH VWUHQJWK u ORFDWLQJ DW Ri LQ WKH 1 λ62 LV WKH
62, FRXSOLQJ DQG σα,β DUH WKH 3DXOL PDWULFHV )RU WKH WXQQHOLQJ RI HOHFWURQV EHWZHHQ 6 DQG 1 ZH DGRSW WKH
WXQQHOLQJ +DPLOWRQLDQ H7 GHVFULEHG E\
H7 =
∑
σ
∫
r∈1,r′∈6
drdr′Tr,r′ei
eV

tc†σrdσr′ + K.F..
+HUH dσr LV DQ DQQLKLODWLRQ RSHUDWRU RI HOHFWURQ LQ WKH 6 DQG WKH WXQQHOLQJ PDWUL[ HOHPHQW Tr,r′ LV QRQ ]HUR
RQO\ DW WKH 61 ERXQGDU\ LH Tr,r′ = Tδr − r′‖δz′ ZLWK r′‖ = x′, y′,  )LQDOO\ WKH YROWDJH V EHWZHHQ 6
DQG 1 LV GHVFULEHG E\ WKH H[SRQHQWLDO IDFWRU eieVt/ LQ H7
7R HYDOXDWH WKH H[WULQVLF 6+&ZLWKLQ WKH OLQHDU UHVSRQVH WKHRU\ ILUV ZH FRQVLGHU WKH VWDWLVWLFDO DYHUDJH RI
WKH IROORZLQJ WZR FXUUHQW RSHUDWRUV LQ WKH yGLUHFWLRQ j1y,σr, t = −i emS A
∑
k,q e
−iq·rky
〈
G−+k+ q ,k− q ,σ,σt, t
〉
L
DQG
j62y,σr, t = i eλ62S A
∑
k,q,σ′ e
−iq·r
〈
>∇Ur × σσ′σ@y G−+k+ q ,k− q ,σ,σ′t, t
〉
L
>@ ZKHUHG−+k′,k,σ′,σt
′, t = i
〈
c
†
k,σtck′,σ′t
′
〉
LV D OHVVHU *UHHQ¶V IXQFWLRQ k DQG k′ DUH ZDYH QXPEHUV RI HOHFWURQV S A LV WKH DUHD RI WKH MXQFWLRQ DQG 〈· · ·〉L
UHSUHVHQWV WKH LPSXULW\ DYHUDJH 7KH OHVVHU *UHHQ¶V IXQFWLRQ LV GHULYHG IURP WKH FRQWRXU *UHHQ¶V IXQFWLRQ
Gk,k′,σ,σ′t, t′ = −i
〈
Tcck,σtc†k′,σ′t
′
〉
 ZKHUH 〈· · ·〉 GHQRWHV WKH TXDQWXP VWDWLVWLFDO DYHUDJH DW ]HUR WHPSHUD
WXUH DQG Tc LV D FRQWRXU RUGHULQJ RSHUDWRU j1y,σr, t > j62y,σr, t@ LV WKH QRUPDO DQRPDORXV FXUUHQW IURP ZKLFK
WKH VNHZ VFDWWHULQJ VLGH MXPS FRQWULEXWLRQ LV REWDLQHG 7KH 6+& LV REWDLQHG IURP j162y,σ r, t = σσ666-xy Ex
ZKHUH σ666-xy LV WKH VNHZ VFDWWHULQJ VLGH MXPS FRQWULEXWLRQ WR WKH 6+& DQG σ = + − IRU XS GRZQ
HOHFWURQV 7KH WHUPV HLPS H62, DQG H7 DUH WUHDWHG ZLWKLQ D SHUWXUEDWLRQ WKHRU\ NHHSLQJ WKH ORZHVW RUGHU
FRQWULEXWLRQV RI VNHZ VFDWWHULQJ DQG VLGH MXPS LQ WKH 61 MXQFWLRQ 7KLV DSSUR[LPDWLRQ LV YDOLG LQ D ORZ LP
SXULW\ FRQFHQWUDWLRQ nLPS DQG LQ D WXQQHO MXQFWLRQ OLPLW ZLWK VPDOO T 7KH 6+& GXH WR WKH VNHZ VFDWWHULQJ
DQG VLGH MXPS FRQWULEXWLRQV LQ WKH 61 MXQFWLRQ LV WKHQ JLYHQ UHVSHFWLYHO\ DV
σ66xy
×σ66xy
=  +
T 
τ
∫ ∞
−∞
dξ | g5k | 5H
[
g5k g
5
6,keV
]
− T



∫ ∞
−∞
dξ,P
[(
g5k
)
g56,keV
]
,
σ6-xy
×σ6-xy
=  +
T 
πτ
∫ ∞
−∞
dξ | g5k | 5H
[
g5k g
5
6,keV
]
− T


π
∫ ∞
−∞
dξ,P
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g5k
)
g56,keV
]
,
ZKHUH ×σ666-xy LV WKH VNHZ VFDWWHULQJ VLGH MXPS FRQWULEXWLRQ WR WKH 6+& LQ WKH EXON 1 ZLWK T = 
g5$k = /−ξ ± i/τ LV WKH UHWDUGHG DGYDQFHG *UHHQ¶V IXQFWLRQ LQ WKH 1 ξ = k/m−μ) LV WKH NLQHWLF
HQHUJ\ RI HOHFWURQ DQG τ LV WKH UHOD[DWLRQ WLPH GXH WR WKH QRQPDJQHWLF LPSXULW\ VFDWWHULQJ ZLWKLQ WKH %RUQ
DSSUR[LPDWLRQ g5$6,k eV = −i m
[
eV
iΩ5$
(

p↑ +

p↓
)
+ p↑ − p↓
]
LV WKH GLDJRQDO SDUW RI WKH UHWDUGHG DGYDQFHG
*UHHQ¶V IXQFWLRQ LQ WKH 6 ZKLFK VDWLVILH WKH *RUNRY¶V HTXDWLRQ +HUH p↑↓ =
√
m−ξ ± iΩ5$/ DQG
iΩ5$ =
√
eV ± iη − Δ η LV WKH LQHODVWLF VFDWWHULQJ UDWH LQ WKH 6 >@ DQG Δ LV WKH VXSHUFRQGXFWLQJ JDS
DW ]HUR WHPSHUDWXUH
3. Numerical results
/HW XV QRZ HYDOXDWH QXPHULFDOO\ WKH 6+& IRU WKH WZR FRQWULEXWLRQV GHULYHG DERYH $V DQ H[DPSOH
KHUH ZH WDNH η/Δ =  × − >@ )LJ  D VKRZV WKH VNHZ VFDWWHULQJ FRQWULEXWLRQ WR WKH 6+& σ66xy 
QRUPDOL]HG E\ WKH 6+& IRU WKH EXON 1  ×σ66xy  DV IXQFWLRQV RI V DQG WKH LQYHUVH UHOD[DWLRQ WLPH τ− ,W LV
REVHUYHG LQ )LJ  D WKDW σ66xy LV DOPRVW WKH VDPH DV WKDW RI WKH EXON V\VWHP ZKHQ eV GHYLDWHV IURP Δ
+RZHYHU ZKHQ eV DSSURDFKHV WR Δ σ66xy EHFRPHV DQRPDORXVO\ HQKDQFHG 0RUHRYHU LW LV VHHQ WKDW σ66xy
PRQRWRQLFDOO\ LQFUHDVHV ZLWK LQFUHDVLQJ τ >@ )LJ  E VKRZV WKH VLGH MXPS FRQWULEXWLRQ WR WKH 6+&
σ6-xy ZKLFK H[KLELWV WKH VLPLODU FKDUDFWHULVWLF EHKDYLRU LH ODUJH HQKDQFHPHQW RI σ6-xy IRU eV FORVH WR Δ
DOWKRXJK WKH HQKDQFHPHQW IDFWRU IRU σ6-xy DSSHDUV VPDOOHU WKDQ WKDW IRU σ66xy  7KHVH UHVXOWV FOHDUO\ GHPRQVWUDWH
WKDW σ66xy DQG σ6-xy FDQ EH VLJQLILFDQWO DPSOLILH E\ WXQQLQJ V EHWZHHQ 6 DQG 1 LQ WKH 61 MXQFWLRQ
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H9 Δ
τ=
H9 Δ
τ=     




57 >NΩ@
    




57 >NΩ@
D E F G
)LJ  7KH 6+& IRU WKH VNHZ VFDWWHULQJ D DQG VLGH MXPS E FRQWULEXWLRQV DV IXQFWLRQV RI WKH YROWDJH V DQG WKH LQYHUVH UHOD[DWLRQ
WLPH τ− +HUH ×τ = τΔ ×σ66xy  ×σ6-xy LV WKH VNHZ VFDWWHULQJ VLGH MXPS FRQWULEXWLRQ LQ WKH EXON 1 DQG D GLPHQVLRQOHVV SDUDPHWHU
g =
T
√
m
πΔ/
LV VHW WR EH  × − >@ 7KH 6+& IRU WKH VNHZ VFDWWHULQJ F DQG VLGH MXPS G FRQWULEXWLRQV DV D IXQFWLRQ RI WKH
MXQFWLRQ UHVLVWDQFH R7 +HUH eV = Δ DQG /×τ = −
)LQDOO\ ZH H[DPLQH WKH GHSHQGHQFH RI WKH 6+& ZLWK YDU\LQJ WKH MXQFWLRQ UHVLVWDQFH R7 ,W LV ZHOO
NQRZQ WKDW R7 IRU MXQFWLRQV ZLWK T LV JLYHQ E\ R7 = /πeN)N6)S

AT

  ZKHUH N) DQG N
6
) DUH WKH HOHFWURQ
GHQVLW\ RI VWDWHV '26 DW WKH )HUPL OHYHO LQ 1 DQG 6 RI WKH QRUPDO FRQGXFWLQJ VWDWH UHVSHFWLYHO\ >@
7KHUHIRUH R7 ≈  × −/g IRU S$ = . μP ×  QP DQG μ) =  H9 ZKHQ WKH IUHH HOHFWURQ PRGHO LV
DGRSWHG >@ )LJXUH  F DQG G VKRZ WKH 6+& σ666-xy / ×σ
666-
xy  IRU eV = Δ DQG /×τ = − ZLWK YDU\LQJ
R7 2QH FDQ FOHDUO\ VHH WKDW WKH 6+& IRU ERWK FRQWULEXWLRQV PRQRWRQRXVO\ LQFUHDVHV ZLWK GHFUHDVLQJ R7
7KHVH UHVXOWV VXJJHVW WKDW R7 LV DOVR DQ LPSRUWDQW TXDQWLW\ WR GHWHUPLQH WKH 6+&
4. Summary
,Q VXPPDU\ ZH KDYH WKHRUHWLFDOO\ VWXGLHG WKH 6+( LQ D 61 MXQFWLRQ EDVHG RQ SHUWXUEDWLRQ WKHRU\
7KH VNHZ VFDWWHULQJ DQG VLGH MXPS FRQWULEXWLRQV KDYH EHHQ WDNHQ LQWR DFFRXQW WR FDOFXODWH WKH 6+& LQ ORZ
LPSXULW\ FRQFHQWUDWLRQV :H IRXQG WKDW ERWK FRQWULEXWLRQV DUH DQRPDORXVO\ HQKDQFHG ZKHQ eV EHWZHHQ 6
DQG 1 LV DGMXVWHG FORVH WR Δ :H KDYH DOVR H[DPLQHG R7 GHSHQGHQFH RQ WKH 6+& DQG IRXQG WKDW WKH 6+&
DW eV = Δ LQFUHDVHV ZLWK GHFUHDVLQJ R7 :H EHOLHYH WKDW WKH HQKDQFHPHQW RI WKH 6+& LV ODUJH HQRXJK WR
EH REVHUYHG H[SHULPHQWDOO\ 2XU UHVXOWV GHPRQVWUDWH WKDW WKH 6+& FDQ EH FRQWUROOHG DQG DPSOLILH E\ XVLQJ
WKH GF HOHFWULF ILHO DQG E\ YDU\LQJ R7 VXJJHVWLQJ WKDW 61 MXQFWLRQV KDV SRWHQWLDO DSSOLFDWLRQV IRU VSLQWURQLF
GHYLFHV ZLWK ODUJH 6+(V
$ SDUW RI WKH FDOFXODWLRQ KDV EHHQ SHUIRUPHG XVLQJ 5,.(1 ,QWHJUDWHG &OXVWHU RI &OXVWHUV 5,&&
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